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Table 3. Experimental Groups for Aim 1 
Group Alcohol TBI 24 
hrs 
1 week 
1 - - 6 6 
2 - + 6 7 
3 + - 6 6 
4 + + 6 7 
Subtotal 24 26 
Total 50 
Table 4. Experimental Groups for Aim 2 
Group Alcohol TBI 6 weeks 
1 - - 6 
2 - + 7 
3 + - 6 


















TBI BrdU Injections (100mg/kg/day, 
7days) 







































































































































































































































Unbiased stereology is a method of estimating properties (number, length, volume, 
etc.) of three-dimensional structures from tissue sections without making assumptions 
about the size, shape, or orientation of the objects of interest (D. A. Peterson, 1999; West, 
2013).  Various stereology “probes” can be applied to tissue sections to estimate these 
quantities.  One of these probes, the optical fractionator, is designed to quantify the 
number of features (for example, cells) within a region of interest.  The software-based 
optical fractionator probe superimposes a grid with counting boxes at systematically-spaced 
intervals, and features within the box are counted with specific counting rules after 
excluding “guard zones” at the tissue surfaces.  An estimate of the total number of features 




where ‘N’ is an estimate of the total number of features, ΣQ- is the the sum of the counted 
features, ssf is the section ampling fraction (for exa e, 1/6 if 1 of every 6 sections is 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































Effect	 Within	TBI	 Within	Sham	 Within	
Vehicle	
Within	
Alcohol	
RMS	double	
labeled	cell	
number	
F(1,26)	=	
3.62,	p	
=0.070	
F(1,26)	=	
0.04,	p	
=0.843	
F(1,26)	=	
15.85,	p	
=0.001	
F(1,26)	=	
4.91,	p	
=0.037	
Table	18.	Neuronal	Migration	in	The	RMS	at	6	weeks	two-way	ANOVA	within	
Analysis	
	
114	
	
Repeated	Binge	Alcohol	Did	not	Affect	Peri-lesional	Migration	of	
Immature	Neurons	
	
	
Figure	21:	At	6	weeks	after	injury,	binge	alcohol	did	not	affect	the	migration	of	
neuroblasts	toward	the	peri-lesional	area.	Statistical	analysis	was	performed	by	
Student’s	t-test	with	significant	criteria	of	p≤0.05,	error	bars=SEM.	OB:	Olfactory	
bulb,	RMS:	Rostral	migratory	stream,	Str:	striatum,	SVZ:	subventricular	zone,	LV:	
lateral	ventricle,	HPC:	hippocampus,	DG:	dentate	gyrus,	SGZ:	subgranular	zone,	
4V:	4th	ventricle,	CCSC:	central	canal	of	the	spinal	cord,	CTX:	cortex.	Diagram	
adapted	from	(Emsley	et	al	2005).	
	
TBI lesion 
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TBI	increased	RMS	Migration		
	
Figure	22:	At	6	weeks	after	injury,	TBI	significantly	increased	migration	of	SVZ	
derived	neuroblasts	toward	the	olfactory	bulb.	A.	Diagram	of	the	rostral	migratory	
stream	(RMS)	the	pathway	that	neuroblasts	take	toward	the	olfactory	bulbs,	
shown	in	green.		B.	Coronal	section	of	rat	brain	immunolabeled	for	Doublecortin	
(DCX)	and	BrdU.	Area	in	the	blue	box	is	the	olfactory	bulb	nucleus	(OBN),	which	is	
a	part	of	the	RMS.		C-F.	Enlargements	of	the	ipsilateral	OBN,	with	BrdU+	cells	as	
black	and	DCX+	cells	as	dark	red.	Diagram	in	A	was	adapted	from	(Emsley	et	al	
2005).	Scale	bar=50μm.	
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TBI	increased	RMS	Migration	and	Binge	Alcohol	Did	Not	Affect	This	
Process	
	
Figure	23:	At	6	weeks	after	injury,	binge	alcohol	did	not	affect	migration	of	SVZ	
derived	neuroblasts	toward	the	olfactory	bulb.	Statistical	analysis	was	performed	
by	two-way	ANOVA,	post-hoc	within-group	analysis	performed,	***	denotes	
p≤0.001,	error	bars=SEM.	OB:	Olfactory	bulb,	RMS:	Rostral	migratory	stream,	Str:	
striatum,	SVZ:	subventricular	zone,	LV:	lateral	ventricle,	HPC:	hippocampus,	DG:	
dentate	gyrus,	SGZ:	subgranular	zone,	4V:	4th	ventricle,	CCSC:	central	canal	of	the	
spinal	cord,	CTX:	cortex.	Diagram	adapted	from	(Emsley	et	al	2005).	
	
	
*** 
*** 
TBI lesion 
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In	Summary,	the	results	from	Aim	#2	are:		
1) Binge	alcohol	had	no	effect	on	lesion	size	as	measured	at	6	weeks	after	TBI.	
2) Binge	alcohol	decreased	neuronal	differentiation	of	SVZ	derived	cells	at	6	
weeks	after	TBI.	
3) TBI	alone	increased	RMS	migration	to	the	olfactory	bulb.	
4) Binge	alcohol	did	not	affect	migration	of	immature	neurons	to	the	
perilesional	area	or	to	the	olfactory	bulb.	
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CHAPTER	FIVE	
DISCUSSION	
	 TBI	is	a	significant	health	crisis	as	many	survivors	of	TBI	face	disabilities	and	
a	difficult	path	to	recovery.	Alcohol	consumption	and	intoxication	is	a	lifestyle	
factor	that	strongly	contributes	to	suffering	a	TBI.	In	fact,	a	large	fraction	of	TBI	
patients	are	positive	for	blood	alcohol	levels	higher	than	the	0.08	legal	limit	at	the	
time	of	injury	(Parry-Jones	et	al	2006).	Binge	drinking	is	the	most	common	way	in	
which	alcohol	is	consumed	and	it	has	been	shown	to	be	extremely	widespread	in	
the	adolescence	and	adult	populations	in	our	society	(CDC	Vitalsigns,	2012).	
Despite	the	strong	association	of	alcohol	consumption	to	TBI	injuries,	the	
biological	effect	of	alcohol	consumption	and	intoxication	on	the	TBI	recovery	
process	is	not	well	understood.	An	earlier	behavioral	study	using	a	rat	model	for	
binge	alcohol	consumption	and	TBI	indicated	that	a	three	day	binge	alcohol	
administration	prior	to	cortical	injury	by	CCI	significantly	decreased	fine	motor	
skill	recovery	when	measured	8	weeks	after	TBI	(Vaagenes	et	al	2015).	However,	
the	mechanism	behind	this	alcohol-induced	impairment	is	not	known.	Therefore,	
in	this	dissertation,	we	used	the	same	binge	alcohol	and	TBI	model	previously	
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developed	in	our	lab	to	explore	the	combined	effect	of	binge	alcohol	and	TBI	on	
the	neural	stem	cell	response.		
	 Our	results	showed	that	alcohol	given	for	three	consecutive	days	(a	binge	
pattern	of	alcohol	consumption)	before	a	moderate	TBI	to	the	right	forelimb	
motor	cortex	leads	to	a	significant	reduction	in	short	term	SVZ	proliferation	as	
measured	at	24	hours	and	7	days	post	injury.	Binge	alcohol	did	not	affect	the	
retention	of	proliferated	cell	in	the	SVZ	as	measured	at	6	weeks	post	injury.	
However,	binge	alcohol	significantly	reduced	the	number	of	proliferated	cells	that	
differentiated	into	neurons	in	the	SVZ.	Binge	alcohol	did	not	have	significant	
effects	on	lesion	size,	or	migration	of	new	neurons	to	the	perilesional	area	and	
the	olfactory	bulb.	Additionally,	we	confirmed	earlier	literature	that	our	model	of	
TBI	using	the	controlled	cortical	impact	method	produced	a	significant	increase	in	
the	number	of	proliferating	cells	bilaterally	in	the	SVZ	when	measured	at	24	hours	
and	7	days	post	injury	and	ipsilateral	at	the	6	week	time	point.	TBI	also	induced	a	
significant	increase	in	migration	of	new	neurons	toward	the	perilesional	area	and	
the	olfactory	bulb	via	the	RMS	pathway.	An	interesting	effect	of	binge	alcohol	
alone	was	its	effect	on	increasing	SVZ	proliferation	when	measured	24	hours	after	
the	last	binge	episode.	Overall,	we	found	that	binge	alcohol	potently	affected	
neurogenesis	after	TBI,	and	this	might	be	the	reason	behind	the	reduced	
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functional	recovery	as	observed	in	the	same	animal	model	as	we	reported	
previously	(Vaagenes	et	al	2015).	
	 Alcohol	had	been	found	by	various	groups	to	have	detrimental	effects	on	
the	lesion	size	of	animals	(Kelly	et	al	1997).	Additionally,	there	is	evidence	to	
suggest	that	alcohol	affects	aquaporin	expression,	which	could	lead	to	elevated	
edema	in	animals	intoxicated	with	alcohol,	thus	leading	to	an	increase	in	lesion	
size	(Sripathirathan	et	al	2009).	However,	we	found	that	lesion	size	was	not	
affected	in	our	rat	model	of	binge	alcohol	and	TBI	at	the	acute	time	point	of	24	
hours,	sub-acute	time	point	of	7	days	or	the	chronic	time	point	of	6	weeks.	This	
suggests	that	alcohol	intoxication	at	the	level	experienced	in	our	model	does	not	
affect	the	edema	process	after	TBI.	Furthermore,	our	results	suggest	that	binge	
alcohol	consumption	did	not	have	detrimental	effects	on	perilesional	cell	death	
(apoptotic	or	necrotic)	or	lesion	site	degeneration.	However,	to	further	
investigate	this	process,	we	would	need	to	perform	staining	using	specific	markers	
for	apoptosis,	necrosis	or	degeneration.	
	 Additionally,	we	also	confirmed	observations	from	past	studies	regarding	
the	general	increase	in	SVZ	proliferation	post-TBI.	However,	we	observed	some	
differences	regarding	the	time-course	of	this	proliferative	response.	One	recent	
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study	noted	that	there	were	significant	variations	in	the	SVZ	proliferative	
response	following	a	TBI	(Chang	et	al	2016).	For	instance,	species	differences	(rats	
versus	mice)	and	different	TBI	methods	(CCI	versus	MFP	versus	weight	drop…etc)	
can	account	for	the	variation	in	the	SVZ	proliferative	response	as	observed	in	
these	studies	(Tzeng	&	Wu	1999),	(Szele	&	Chesselet	1996),(Goings	et	al	2002).	
However,	the	consensus	is	that	in	rats,	during	the	first	five	days	after	injury,	SVZ	
proliferation	is	unchanged.	However,	we	saw	that	TBI	alone	induced	up	to	a	4	fold	
increase	in	SVZ	proliferation	at	the	24	hour	time	point	(Figure	10	and	11).	The	
difference	in	this	result	might	be	due	to	the	difference	in	the	TBI	model	used,	for	
instance,	(Tzeng	&	Wu	1999)	used	the	stab	wound	model	to	inflict	TBI	while	
(Goodus	et	al	2014)	used	a	pediatric	rat	TBI	model.	While	another	group	used	a	
thermal	coagulation	model	to	produce	a	cortical	lesion	that	was	distal	to	the	SVZ	
to	show	that	within	the	first	5	days	after	injury,	there	was	no	change	in	
proliferation	(Gotts	&	Chesselet	2005).	The	model	used	in	this	dissertation,	i.e.,	
CCI,	is	thought	by	others	to	be	a	more	appropriate	model	for	closed-head	TBI	with	
contusion	(Dixon	et	al	1991),	produces	a	focal	TBI	lesion	that	is	proximal	to	the	
SVZ,	and	thus	might	explain	the	marked	and	almost	immediate	elevation	in	SVZ	
proliferation.	
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	 Furthermore,	according	to	two	groups	which	used	aspiration	lesion	and	
diffuse	TBI	models,	SVZ	proliferation	reached	a	maximum	of	around	2	fold	above	
baseline	at	5-7	days	post-TBI	(Szele	&	Chesselet	1996),	(Bye	et	al	2011).	In	our	
model,	at	7	days	post	injury	there	was	no	significant	difference	in	SVZ	
proliferation	in	TBI	versus	the	sham	group	(Figure	12).	This	result	indicates	that	
the	proliferative	maximum	had	been	reached	between	days	1	and	before	day	7,	
and	that	the	rate	of	new	cell	incorporation	into	the	SVZ	equals	the	rate	of	
migration	of	cells	away	from	the	SVZ.		Again,	as	in	the	24	hours	post-TBI	result,	we	
feel	that	the	difference	in	our	TBI	model	is	able	to	explain	why	we	observed	SVZ	
proliferation	reaching	a	maximum	before	7	days.	
	 At	7	days	after	TBI,	the	total	number	of	BrdU	labeled	cells	in	the	SVZ	of	
animals	in	all	the	groups	was	dramatically	higher	compared	to	the	24	hour	time	
point	because	of	the	accumulation	of	these	cells	during	the	7	days	of	BrdU	
injection/labeling.	The	distribution	of	proliferated	cells	was	dramatically	different	
when	we	observed	the	7	day	survival	animals	compared	to	the	24	hour	animals.	
At	24	hours,	we	only	observed	BrdU+	cells	in	the	SVZ	and	perilesional	area;	at	7	
days,	we	observed	BrdU+	cells	in	a	number	of	other	brain	structures	such	as	the	
striatum	and	RMS.	This	indicated	that	newborn	cells	from	the	SVZ	were	migrating	
toward	other	brain	structures.	It	is	possible	that	alcohol	could	increase	SVZ	cell	
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death	and	that	is	why	we	observed	less	BrdU+	cells	in	the	SVZ	of	TBI	animals	
exposed	to	alcohol	compared	to	vehicle.	This	is	unlikely,	however,	due	to	the	
relatively	low	dose	of	alcohol	that	we	used	and	thus	less	likely	to	induce	
neurodegeneration/cell	death.	Furthermore,	alcohol/sham	animals	in	our	study	
had	significantly	more	proliferation	compared	to	vehicle/sham	animals	and	thus	
we	do	not	believe	that	alcohol	caused	an	increase	in	cell	death.	
	 A	novel	result	from	this	study	was	that	binge	alcohol	alone	elicited	a	
proliferative	response	from	the	SVZ.	Alcohol	treated	sham	animals	exhibited	up	to	
a	4	fold	increase	in	BrdU+	cells	compared	to	vehicle	treated	sham	animals.	This	
increase	is	in	the	same	magnitude	as	an	increase	after	TBI	alone	(Figure	10	and	
11).	This	is	in	particular	contrast	with	previous	studies	using	different	alcohol	
intoxication	models	in	rodents	(either	acute	or	chronic)	indicating	that	alcohol	
caused	significant	depression	in	SVZ	and	SGZ	proliferation	(Anderson	et	al	2012)	
and	(Nixon	&	Crews	2002).	One	report	found	that	after	discontinuing	chronic	
alcohol	administration,	there	was	an	increase	in	SGZ	cell	number	at	day	2	and	7	
after	cessation	(Anderson	et	al	2012).	Similar	studies	have	found	similar	
proliferation	bursts	in	the	SVZ	(Hansson	et	al	2010);	however,	these	studies	used	
chronic	doses	of	alcohol	for	extended	periods	of	time	(up	to	7	weeks).	We	believe	
that	we	are	the	first	to	observe	this	SVZ	burst	of	proliferation	at	24	hours	after	the	
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last	dose	of	alcohol	following	three	days	of	moderate	binge.	It	is	possible	that	the	
three	days	moderate	binge	paradigm	that	we	used	was	enough	to	cause	
neurodegeneration	in	the	CNS,	which	in	turn	acts	as	an	injury	to	stimulate	an	
increase	in	neurogenesis.	Additionally,	reactive	oxygen	species	(ROS)	are	elevated	
in	the	enzymatic	degradation	of	alcohol.	There	is	strong	evidence	that	moderate	
ROS	increase	can	stimulate	neurogenesis	(Le	Belle	et	al	2011).	Therefore,	it	will	be	
important	to	further	characterize	this	unique	SVZ	response	by	employing	different	
markers	to	detect	neurodegeneration,	ROS	and	cell	death	in	different	brain	
regions	in	future	studies.	
	 Important	to	the	goal	of	this	dissertation,	we	found	that	at	the	24	hour	
time	point,	in	animals	that	received	binge	alcohol	and	TBI,	there	was	a	3	fold	
decrease	in	proliferating	cells	in	the	SVZ.	To	our	knowledge,	we	are	the	first	group	
to	show	that	alcohol	in	the	context	of	TBI	resulted	in	decreased	overall	SVZ	
proliferation.	This	is	what	we	predicted	in	our	hypothesis	based	on	our	previous	
observation	that	alcohol/TBI	rats	performed	worse	in	the	skilled	forelimb-
reaching	task	compared	to	vehicle/TBI	rats.	It	remains	to	be	determined	whether	
SVZ	proliferation	contributed	significantly	to	the	performance	on	the	skilled	
forelimb-reaching	task.	Although	not	examined	explicitly	in	this	dissertation,	this	
may	occur	through	the	production	of	new	interneurons	in	the	olfactory	bulb	
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(granular	cells	and	perigranular	cells,	Figure	2).	New	OB	granular	and	perigranular	
cells	are	inhibitory	interneurons	that	have	modulatory	functions	in	the	olfaction	
neural	circuitry	that	is	important	in	a	process	called	pattern	separation	(Sahay	et	
al	2011b).Furthermore,	one	important	study	showed	that	the	skilled	forelimb	
reaching	task	relies	heavily	on	olfaction	(Whishaw	&	Tomie	1989).This	group	used	
rats	that	were	trained	to	reach	food	through	a	small	opening;	when	these	animals	
had	their	vision	blocked	by	the	mean	of	eye	patches,	their	reaching	performance	
was	not	affected.	However,	when	the	olfactory	bulb	was	removed,	they	
experienced	profound	impairments	in	the	reaching	task.	These	findings	point	to	
the	possibility	that	reduced	SVZ-OB	neurogenesis	due	to	alcohol	could	lead	to	
impaired	olfaction	pattern	separation	and	in	turn	cause	deficits	in	the	skilled	
forelimb	reaching	task.	
	 Binge	alcohol	and	TBI	alone	increased	proliferation,	but	the	combination	of	
the	two	factors	led	to	decreased	proliferation	in	the	SVZ.	There	are	several	
mechanisms	that	might	explain	this	observation:	
	 	 Inflammatory	response:	TBI	has	an	important	inflammation	
component	in	the	primary	injury	phase.	Alcohol	is	known	to	increase	CNS	
inflammation	via	its	effect	on	microglia	(Marshall	et	al	2013).	It	is	possible	that	the	
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combined	magnitude	of	inflammation	in	TBI/binge	alcohol	animals	is	higher	than	
in	TBI	or	binge	alcohol	animals	alone.	A	certain	amount	of	inflammation	can	
stimulate	neurogenesis,	however,	if	inflammation	reaches	a	high	threshold,	it	may	
cause	the	SVZ	microenvironment	to	be	non-supportive	for	neurogenesis.	For	
instance,	there	is	strong	evidence	for	pro-inflammatory	cytokines	such	as	IL-1b	
suppressing	hippocampal	neurogenesis	(Goshen	et	al	2008).		
	 	 Reactive	oxygen	species	(ROS):	Alcohol	metabolism	produces	ROS	
and	primary	events	following	TBI	also	lead	to	high	ROS	levels.	Therefore,	in	TBI	
and	alcohol	administered	animals,	ROS	levels	could	become	additive	from	the	two	
conditions.	This	combined	elevated	ROS	from	TBI	and	alcohol	could	be	inhibitory	
to	proliferation.	As	previously	noted,	low	concentration	of	ROS	can	stimulate	
neurogenesis,	likely	through	a	mechanism	involving	elevated	NF-kB	(Ruiz-Ramos	
et	al	2009).	However,	extremely	high	levels	of	ROS	could	inhibit	NSC	proliferation	
(Limoli	et	al	2006).	Furthermore,	extreme	levels	of	ROS	could	lead	to	an	increased	
rate	of	cell	death	of	recently	proliferated	cells	due	to	an	increased	rate	of	DNA	
damage	(Figure	4).		
	 	 BDNF	availability:	Growth	factors	are	crucial	to	the	neurogenesis	
process.	For	instance,	BDNF	enhances	survival	and	in	certain	cases	serves	as	a	
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chemokine	to	attract	new	neurons	toward	lesion	areas	(Rostami	et	al	2014).	TBI	
increases	BDNF	expression	through	several	cellular	mechanisms:	astrocytes,	
microglia	and	vascular	cells	all	secrete	BDNF.	Alcohol	however,	decreases	BDNF	
expression	and	thus	lowers	the	potential	neurogenesis	that	is	possible	if	there	is	
only	TBI	alone.		
Technical	Issues:		 	
	 BrdU	injection	allows	us	to	label	and	birth-date	the	proliferating	cells;	
however,	there	are	some	drawbacks	of	this	technique	that	deserve	some	thought	
when	interpreting	the	data.	For	instance,	while	BrdU	readily	crosses	the	BBB	and	
becomes	available	to	CNS	cells	for	incorporation	into	their	DNA,	the	bioavailability	
of	BrdU	is	short.	It	is	rapidly	degraded	and	only	available	to	cells	for	about	2	hours	
after	injection.	This	likely	means	that	we	were	only	seeing	a	fraction	of	
proliferation	that	actually	happened	during	the	observed	time	interval.	Although	
we	did	use	daily	injections	of	BrdU	for	the	7	day	group	of	animals,	we	would	still	
not	be	able	to	label	all	proliferating	events.	An	alternative	approach	would	be	to	
inject	BrdU	more	frequently,	multiple	times	per	day;	however,	the	drawback	of	
such	an	approach	would	be	increased	animal	stress	and	exposure	to	anesthesia.	
Additionally,	there	are	some	concerns	that	after	TBI,	there	is	an	increase	in	BBB	
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leakiness,	which	might	lead	to	higher	BrdU	permeability	into	the	brain	
parenchyma.	However,	we	did	used	a	relatively	high	BrdU	dose	of	100mg/kg	
which	means	the	available	concentration	in	the	brain	reached	the	saturation	
point,	so	any	further	increase	in	BrdU	permeability	after	TBI	should	not	affect	the	
number	of	BrdU+	cells.	Due	to	the	short	bioavailability	of	BrdU,	in	future	studies,	it	
would	be	interesting	to	include	a	group	of	animals	that	would	be	sacrificed	at	the	
2-3	hour	post-TBI	and	BrdU	injection.	This	approach	would	enable	us	to	rule	out	
the	possibility	that	cell	death	or	migration	of	recently	proliferated	cells	might	
impact	the	number	of	BrdU+	cell	in	the	SVZ.	
	 An	important	consideration	when	looking	at	our	results	showing	alcohol	
decreased	the	SVZ	proliferative	response	after	TBI	is	how	this	translates	to	human	
patients.	While	production	of	new	brain	cells	by	neurogenesis	was	observed	in	
the	human	brain,	no	conclusive	evidence	exists	for	their	roles	(Chang	et	al	2016).	
Additionally,	neurogenesis	in	the	human	brain	happens	at	a	much	lower	level	
compared	to	the	rodent	brain	(Curtis	et	al	2007),	thus	limiting	the	translatability	
of	rodent	neurogenesis	findings.	Also,	newly	proliferated	cells	must	become	
functionally	relevant	in	the	adult	brain	post	TBI	for	them	to	have	any	role	in	the	
recovery	process.	These	newly	generated	cells	from	the	SVZ	would	need	to	
undergo	the	differentiation	process	to	become	either	neurons	or	glia	and	they	
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must	also	migrate	to	different	brain	regions.	Therefore,	we	sought	to	explore	
these	aspects	of	neurogenesis	in	our	second	aim.	
	 One	of	the	most	interesting	aspects	of	neurogenesis	is	whether	the	
newborn	cells	become	functionally	relevant	in	the	CNS.	In	the	rodent	system,	the	
roles	of	newborn	SVZ	and	DG	cells	are	perhaps	the	best	studied	and	understood.	
Yet	their	roles	after	CNS	injury	are	less	well	known	and	this	area	of	research	is	still	
very	active	as	the	roles	of	NSC	are	hotly	debated	(Garthe	&	Kempermann	2013).	
The	goal	for	this	part	of	the	dissertation	was	to	determine	the	NSC	responses	
after	TBI	in	the	chronic	TBI	phase.	These	long-term	responses	include	the	survival	
of	proliferated	cells,	their	differentiation	into	neuronal	and	glial	lineages	and	the	
migration	of	neuronal	differentiated	cells	to	various	areas	of	the	CNS.	To	this	end,	
we	performed	BrdU	injections	for	the	first	7	days	following	TBI	to	label	all	
proliferating	cells	within	this	period	of	time.	The	animals	were	allowed	to	survive	
for	6	weeks.	According	to	previous	behavioral	studies	in	our	lab,	this	is	sufficient	
time	for	animals	to	reach	a	functional	plateau,	which	in	human	corresponds	to	
the	chronic	phase	of	TBI.		
	 We	quantified	the	total	number	of	BrdU+	cells	in	the	SVZ	of	the	prolonged	
survival	time	point;	BrdU+	cells	are	those	that	had	been	labeled	during	the	first	7	
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days	after	injury.	We	found	at	the	acute	time	point	of	24	hours	and	sub-acute	7	
days	after	TBI,	the	contralesional	SVZ	robustly	responded	to	the	TBI	by	increasing	
proliferation	by	up	to	5	fold;	however,	at	6	weeks	after	TBI,	the	number	of	BrdU+	
cells	retained	in	the	contralesional	SVZ	decreased	to	baseline	levels,	essentially	
indistinguishable	from	sham	groups	(irrespective	of	alcohol	or	vehicle	treatment).	
It	is	possible	that	these	BrdU+	cells	seen	at	the	earlier	time	points	had	migrated	
out	from	the	SVZ	to	other	parts	of	the	CNS	such	as	the	striatum,	corpus	callosum,	
the	cortex	or	toward	the	olfactory	bulb.	
	 Interestingly,	we	found	significant	retention	of	BrdU+	cells	in	the	ipsilesional	
SVZ	in	TBI	animals	and	this	level	of	retention	was	virtually	the	same	across	alcohol	
and	vehicle	treated	groups.	There	were	around	60,000	cells	in	the	ipsilesional	SVZ	
of	TBI	animals,	which	is	around	4	fold	higher	than	baseline	levels	(sham	groups).	
This	is	not	surprising	considering	the	strong	evidence	in	the	literature	suggesting	
that	newly	proliferated	cells	could	survive	better	in	the	SVZ	after	TBI.	For	instance,	
one	group	found	that	there	was	a	decrease	of	TUNEL	positive	cells	in	the	SVZ	of	
animals	after	CCI	(Theus	et	al	2010).	TBI	might	have	altered	the	ipsilesional	SVZ	
microenvironment	to	support	more	proliferating	cells.	By	contrast,	another	group	
reached	different	conclusions	in	their	model	of	TBI	and	neurogenesis	(Acosta	et	al	
2013).	This	group	examined	the	long-term	effect	of	TBI	on	SVZ	neurogenesis.	They	
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found	that	at	8	weeks	post	TBI,	there	was	significant	reduction	in	Ki67+	cells	in	the	
SVZ	of	TBI	animals.	This	is	in	stark	contrast	to	our	finding	of	elevated	BrdU+	in	TBI	
animals	at	6	weeks.		It	is	possible	that	the	use	of	different	cell	proliferation	
markers	could	partially	explain	the	discrepancy.	Ki67	is	expressed	during	all	
phases	of	mitosis	and	is	necessary	for	cell	cycle	processes	(Mandyam	et	al	2007).		
Ki67	has	been	shown	to	correlate	with	BrdU	staining;	however,	Ki67	has	a	half-life	
of	17	hours,	which	make	it	difficult	to	ascertain	when	the	cell	proliferation	event	
happens.		
	 Binge	alcohol	did	not	affect	the	long-term	survival	of	proliferated	cells	in	
the	SVZ	in	our	model.	This	result	is	somewhat	unexpected	and	is	in	contrast	with	
previous	studies	on	alcohol	binge.	For	instance,	in	a	prominent	study,	alcohol	was	
given	to	rats	4	days	in	a	row;	they	detected	significant	reduction	in	the	survival	of	
new	hippocampal	cells	4	weeks	after	the	binge	episodes	(Nixon	&	Crews	2002).	It	
is	possible	there	are	regional	differences	in	response	to	binge	alcohol,	i.e.,	
hippocampus	being	more	sensitive	to	binge	alcohol	than	the	SVZ.	Additionally,	the	
binge	alcohol	given	to	the	animals	in	that	study	was	a	very	high	dose	of	5g/kg	for	
4	days	(versus	our	model	of	3g/kg	for	3	days)	which	could	contribute	to	the	
differences	observed.	
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	 Neuronal	differentiation	was	measured	as	the	number	of	cells	that	
expressed	both	BrdU	and	DCX	(doublecortin).	DCX	is	expressed	by	developing	
neurons	and	is	thus	a	reliable	marker	for	neuronal	differentiation	(Francis	et	al	
1999).	We	found	that	TBI	alone	significantly	induced	an	increase	in	neuronal	
differentiation	bilaterally	in	the	SVZ.	This	observation	is	in	agreement	with	the	
literature	on	neuronal	differentiation	after	TBI.	For	instance,	one	group	used	
transgenic	mice	that	had	YFP	tagged	to	new	neurons	to	show	that	new	neurons	
were	populated	in	the	dorsal	SVZ	and	expressed	DCX;	they	used	the	same	CCI	
model	and	detected	these	cells	at	6	week	post	TBI	similar	to	our	approach	
(Mierzwa	et	al	2014).	It	is	possible	that	the	microenvironment	of	the	SVZ	is	
changed	after	TBI	and	thus	more	permissive	to	the	neuronal	differentiation	of	
new	proliferating	cells;	for	instance,	one	study	found	BDNF	expression	to	be	
increased	in	the	hippocampus	after	TBI	(Hicks	et	al	1997).		
	 Intriguingly,	we	found	that	binge	alcohol	decreased	the	number	of	early	
SVZ	proliferating	cells	differentiated	into	the	neuronal	lineage	6	weeks	after	TBI.	
Stereological	quantification	of	the	SVZ	area	showed	that	alcohol	significantly	
reduced	the	number	of	BrdU+/DCX+	double-labeled	cell	by	38%	on	the	ipsilesional	
side	(Figure	17).	Immunofluorescence	imaging	confirmed	our	counting	data	
showing	reduced	co-localization	of	BrdU	and	DCX	signaling	in	TBI	animals	that	
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were	alcohol	treated	versus	vehicle	(Figure	16).	We	suspect	that	binge	alcohol	
might	have	affected	neuronal	differentiation	by	changing	expression	levels	of	
trophic	factors	in	the	brain,	for	instance,	BDNF,	insulin,	GDNF	and	EGF	(Janak	et	al	
2006).	One	group	found	that	high	dose	alcohol	administration	lead	to	depressive	
like	behavior	and	reduction	in	hippocampal	BDNF	(Hauser	et	al	2011).		One	
clinical	study	looking	at	serum	levels	of	several	trophic	factors	found	that	alcohol	
dependent	patients	had	reduced	GDNF	and	BDNF	(Heberlein	et	al	2010).		
	 We	did	not	expect	our	binge	alcohol	administration	paradigm	to	have	such	
long-term	effect	on	neuronal	differentiation	post	TBI.	It	is	possible	that	alcohol	is	
acting	on	neuronal	differentiation	via	epigenetic	mechanisms.	One	study	found	
that	there	was	reduced	methylation	of	the	CpG	(Cytosin-phosphatidyl-Guanin)	of	
the	promoter	of	NGF	(nerve	growth	factor)	in	the	serum	of	alcohol	dependent	
patients	(Heberlein	et	al	2013).	Furthermore,	BDNF,	a	trophic	factor	important	in	
the	neuronal	differentiation	process	is	found	to	be	affected	by	alcohol	by	
epigenetic	regulation	in	mice	(Stragier	et	al	2015).		
	 Another	finding	from	this	dissertation	was	that	binge	alcohol	affects	
neuronal	differentiation.	New	SVZ	derived	cells	can	differentiate	into	the	three	
main	cells	of	the	CNS,	i.e.,	neurons,	astrocytes	and	oligodendrocytes.	We	
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quantified	the	number	of	cells	in	the	SVZ	at	6	weeks	that	were	positive	for	BrdU	
and	negative	for	DCX.	BrdU+/DCX-	cells	are	early-proliferated	cells	that	
differentiated	into	the	non-neuronal	lineage,	either	astrocytes	or	
oligodendrocytes.	Alcohol	did	not	change	the	number	of	BrdU+/DCX-	cells	in	the	
SVZ	of	TBI	animals	(Figure	19).	It	appears	that	the	vast	majority	of	BrdU+/DCX-	
cells	were	astrocytes	according	to	qualitative	microscopic	observation	of	GFAP	
and	BrdU	staining	(Figure	18).	However,	it	is	also	possible	that	BrdU+/DCX-	cells	
might	be	microglia	or	infiltrating	blood-borne	macrophages.	These	types	of	
immune	cells	have	been	found	to	proliferate	after	TBI	(Lalancette-Hébert	et	al	
2007).	While	alcohol	did	not	have	an	effect	on	total	glial	differentiation,	it	could	
have	effects	on	specific	types	of	glia;	for	instance,	there	was	qualitatively	more	
BrdU+/GFAP+	cells	in	our	microscopic	observation	of	the	Alcohol	TBI	compared	to	
Vehicle	TBI	groups	(Figure	18).		
	 Migration	is	an	important	aspect	of	SVZ	neurogenesis.	For	instance,	in	the	
SVZ-OB	system,	new	putative	neurons	travel	through	a	network	of	astrocytes	and	
vascular	cells	to	reach	their	destination	in	the	OB.	The	molecular	and	cellular	
interactions	that	these	migratory	cells	experienced	during	their	excursion	play	an	
important	role	in	their	eventual	differentiation	into	functional	neurons.	Alcohol	
exposure	had	been	found	to	profoundly	affect	neuronal	migration.	For	instance,	
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in	a	model	of	prenatal	alcohol	exposure,	alcohol	was	found	to	decrease	migration	
of	serotonin	neurons	(Zhou	et	al	2001).	Furthermore,	after	TBI,	neuronal	
migration	toward	the	perilesional	area	was	increased;	for	instance,	more	DCX+	
cells	were	detected	in	the	TBI	lesion	area	in	a	model	of	TBI	(Chang	et	al	2016)	
	 First,	we	determined	whether	binge	alcohol	differentially	affected	TBI	
induced	perilesional	migration	of	new	neurons.	TBI	itself	induced	robust	
migration	of	new	cells	toward	the	perilesional	area	(defined	as	100um	from	the	
edge	of	the	lesion).	The	total	number	of	BrdU+/DCX+	cells	in	the	perilesional	area	
was	around	12,000	cells	which	is	the	same	magnitude	as	the	number	of	
BrdU+/DCX+	in	the	SVZ.	However,	the	total	volume	of	the	perilesional	area	is	much	
larger	than	that	of	the	SVZ	so	the	effective	density	of	new	neurons	in	the	
perilesional	area	is	much	less.	Furthermore,	qualitative	microscopic	observation	
of	sham	animals	showed	there	were	little	to	no	BrdU+/DCX+	cells	in	the	
neocortical	area	dorsal	to	the	SVZ.	However,	there	was	no	evidence	for	binge	
alcohol	having	any	effect	on	perilesional	area	migration	of	new	neurons	in	TBI	
animals	(Figure	21).	In	addition	to	the	presence	of	new	migratory	neurons	in	the	
perilesional	area,	there	was	a	large	population	of	proliferating	cells	in	this	area.	
However,	these	BrdU+	cells	did	not	express	markers	for	mature	neurons	
(BrdU+/NeuN+,	Figure	20).	Our	observation	is	in	line	with	the	literature	on	post-TBI	
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migration	to	the	cortical	area	in	that	there	are	rarely	any	new	cells	expressing	
markers	of	mature	cortical	neurons	(Chang	et	al	2016).	 	
	 Migration	from	the	SVZ	to	the	cortex	has	important	implications	in	the	
recovery	post-TBI.	The	presence	of	new	neurons	in	the	perilesional	area	raises	the	
possibility	that	these	new	cells	can	become	functionally	integrated	and	can	take	
over	the	role	of	previously	dead	neurons.	This	event	however	has	not	been	well	
documented.	There	is	also	the	possibility	that	newborn	neurons	contribute	to	
functional	recovery	in	structures	other	than	the	perilesional	area.	There	is	strong	
evidence	that	olfactory	function	contributes	greatly	to	the	skilled	forelimb	
reaching	task	performance	(Whishaw	&	Tomie	1989).	We	quantified	the	migration	
of	new	neurons	in	the	SVZ-OB	pathway	by	counting	the	number	of	cells	
expressing	both	BrdU	and	DCX	(Figure	22).	This	pathway	is	the	well-characterized	
rostral	migratory	stream.	We	found	TBI	significantly	elevated	SVZ-OB	migration	
(Figure	23).	However,	alcohol	did	not	have	a	significant	effect	on	SVZ-OB	
migration.		
Future	Directions	
	 Although	we	did	not	examine	neurogenesis	in	the	hippocampus,	it	is	
possible	that	binge	alcohol	might	also	affect	hippocampal	neurogenesis.	In	future	
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studies,	we	could	first	use	a	hippocampal	sensitive	functional	task	to	assess	binge	
alcohol	impact	on	the	hippocampal	dependent	task	post	TBI.	However,	we	know	
that	in	the	hippocampus,	reduced	NSC	proliferation	or	ablation	was	shown	to	lead	
to	inhibition	of	LTP	in	the	perforant	pathway	(Kempermann	2011).	Other	evidence	
suggests	that	reduced	NSC	responses	can	lead	to	worse	performance	on	
hippocampal	dependent	tasks	such	as	the	MWM,	contextual	fear	conditioning,	
and	trace	conditioning.	Additionally,	we	could	extend	our	work	by	using	the	BrdU	
injection	paradigm	to	study	different	temporal	responses	of	neurogenesis	to	TBI	
and	alcohol	in	the	hippocampus.	
	 BDNF	is	responsible	for	the	survival	of	new	neurons.	A	large	number	of	
newly	generated	cells	die	due	to	insufficient	trophic	support.	Alcohol	potently	
affects	BDNF	expression	and	could	affect	how	many	newly	generated	cells	in	the	
SVZ	survive.	Our	future	study	could	explore	how	alcohol	affects	BDNF	expression	
in	TBI	animals	and	in	turn	how	that	affects	the	survival	of	those	new	neurons.	We	
would	need	to	utilize	markers	of	neurogenesis	(such	as	BrdU)	along	with	markers	
of	cell	death	(such	as	Caspase3).	Furthermore,	our	lab	is	in	the	process	of	refining	
the	method	to	alter	the	BDNF	level	in	the	SVZ.	This	would	allow	us	to	modulate	
the	endogenous	BDNF	and	to	assess	its	contribution	to	neurogenesis	after	TBI.		
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	 While	BrdU	has	been	a	useful	tool	in	the	study	of	neurogenesis,	there	are	
important	limitations	to	this	technique.	One	new	technology	that	has	been	shown	
to	be	useful	in	the	study	of	neurogenesis	is	conditional	lentivirus	expressing	Cre-
Flex,	a	bioluminescence	marker	in	addition	to	green	fluorescence	protein	(GFP).	
This	technique	utilizes	lentivirus	and	can	be	used	to	label	neural	stem	cells	in	the	
SVZ	as	has	been	demonstrated	recently	in	a	stroke	model	(Vandeputte	et	al	
2014).	The	lentivirus	vector	is	introduced	into	the	SVZ	by	stereotactic	injection,	
and	becomes	incorporated	into	the	stem	cells	of	the	SVZ.	The	markers	carried	by	
the	lentivirus	become	stably	expressed	in	the	stem	cells	which	allow	us	to	track	
the	migration	pattern	as	well	as	determine	the	eventual	phenotype	of	these	cells.		
	 Inflammation	is	a	large	component	of	TBI	pathology,	and	alcohol	has	a	
pronounced	inflammatory	modulating	effect.	One	question	is	how	binge	alcohol	
affects	inflammatory	cells	such	as	infiltrating	macrophage,	and	microglia	
activation.	In	this	regard,	large	amounts	of	adenosine	triphosphate	(ATP)	is	
produced	in	the	cells	of	TBI	lesion	sites	after	CNS	injury	and	released	to	the	
extracellular	space	and	serves	as	an	inflammatory	signaling	molecule.	ATP	has	
been	found	to	be	a	potent	chemo-attractant	to	microglia,	the	resident	
inflammatory	cell	of	the	CNS	(Ohsawa	&	Kohsaka	2011).	Additionally,	in	the	
hematopoietic	system,	ATP	has	a	chemo-attraction	role	for	stem	cells	(Rossi	et	al	
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2012).	It	is	likely	that	ATP	also	is	a	homing	signal	for	migrating	neuroblasts	(i.e.	
DCX+	cells).	Extracellular	ATP	is	recognized	by	cells	via	the	purinergic	cell	surface	
receptors	such	as	P2X4	and	P2X7.	Interestingly,	P2X7	receptors	are	also	affected	
by	alcohol.	For	instance,	alcohol	is	an	antagonist	for	purinergic	receptors	P2X4	
and	P2X7	(Ostrovskaya	et	al	2011).		
	 Finally,	we	could	expand	our	binge	alcohol	model	to	more	closely	mimic	
human	alcohol	consumption.	Typically,	TBI	patients	do	not	get	a	TBI	during	their	
first	binge	episode.	It	is	likely	that	they	would	have	a	more	prolonged	history	of	
alcohol	consumption.	Since	laboratory	animals	such	as	rats	can	experience	
tolerant	effects	to	alcohol	when	given	repeatedly	over	time,	this	may	affect	the	
outcome	of	repeated	binge	alcohol	studies.	Alcohol	is	an	antagonist	for	NMDA	
receptors	and	repeated	alcohol	administration	can	lead	to	an	increase	in	
expression	of	NMDA	receptors.	We	know	that	NMDA	receptors	are	the	main	
perpetrator	for	excitotoxicity	via	high	levels	of	extracellular	glutamate	after	TBI.	
Therefore,	it	is	possible	that	a	more	prolonged	binge	alcohol	administration	
paradigm	could	lead	to	different	SVZ	response	outcomes	as	compared	to	what	we	
observed	in	our	current	model.	As	there	is	evidence	in	human	TBI	patients	of	a	
strong	likelihood	of	increase	in	intake	of	alcohol	post-TBI	(Bombardier	et	al	2003),	
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examining	how	alcohol	given	after	TBI	affects	neurogenesis	is	an	interesting	
avenue	of	research.	 	
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